Abstract: Floods are one of the most dangerous and common disasters worldwide, and these disasters are closely linked to the geography of the affected area. As a result, several papers in the academic field of humanitarian logistics have incorporated the use of Geographical Information Systems (GIS) for disaster management. However, most of the contributions in the literature are using these systems for network analysis and display, with just a few papers exploiting the capabilities of GIS to improve planning and preparedness. To show the capabilities of GIS for disaster management, this paper uses raster GIS to analyse potential flooding scenarios and provide input to an optimisation model. The combination is applied to two real-world floods in Mexico to evaluate the value of incorporating GIS for disaster planning. The results provide evidence that including GIS analysis for a decision-making tool in disaster management can improve the outcome of disaster operations by reducing the number of facilities used at risk of flooding. Empirical results imply the importance of the integration of advanced remote sensing images and GIS for future systems in humanitarian logistics.
Introduction
According to the United Nations Office for Disaster Risk Reduction, from 1992 to 2012 4.4 billion people were affected by disasters with almost 2 trillion USD in damages and 1.3 million people killed worldwide [1] . Approximately 2.6 billion people were affected by natural disasters from 1994 to 2003; more than the 1.6 billion affected in the previous decade [2] . Just in 2011, the total value of the damage caused by disasters globally was around US$ 366.1 billion, the highest ever registered [3] . Different types of disaster require different types of response [4, 5] given the varying features of each type of hazard. Among all disasters, floods are one of the most common [6, 7] and destructive phenomenon world-wide [8, 9] . Over 100 floods occur on average per year, and more than 150 occurred each year between 2007 and 2012 [1] . These disasters provide more time to react [10] because floods are more easily predicted and prevented compared to other disasters [11] . As a result, the use of systems for monitoring and analysis can improve preparedness and response.
Flood preparedness encompasses the readiness of a region to cope with a disaster based on the decisions and activities performed before the disaster occurs [12] , whereas disaster response involves activities during the disaster to mitigate damage [13] . Adequate planning and preparedness can significantly affect the effectiveness of disaster response activities.
Features such as topography and weather predictions are relevant for floods. For example, hydrological analysis of regions and basins [14] enables the analyst to predict floods using return 
Identification of Suitable Facilities
Emergency facilities play a vital role in the development of logistical operations for disaster management. Prior to the application of any procedure, it is important to determine appropriate facilities to serve as shelters and DCs.
3.1.1. Shelter Standards Table 1 shows the minimum living requirements identified by Sphere_Project [48] and CENAPRED [49] from an international and Mexican perspective, respectively. 
3.1.1. Shelter Standards Table 1 shows the minimum living requirements identified by Sphere_Project [48] and CENAPRED [49] from an international and Mexican perspective, respectively. [48] and CENAPRED [49] .
Several criteria beyond cost, time or distance have been used in the literature to find suitable facilities. Accessibility, capacity, adaptability, zone danger and a large number of roads close by are amongst the most relevant, e.g., [23, [50] [51] [52] . The selection should be performed considering these factors as well to ensure an adequate level of service for disaster victims.
Standards for Distribution Centres
There is no official regulation for DCs in cases of disaster. However, rule NOM-120-SSA1-1994 contains the requirements for general storage facilities in Mexico [53] , which are summarised on Table 2 . Table 2 . Minimum requirements for storage facilities in Mexico.
Section Requirement
Courtyard ‚ Avoid the accumulation of unused equipment, garbage, herbs. ‚ Have adequate drainage and lighting.
Building ‚ Adequate condition of the buildings to avoid contamination of the products. Floors ‚ Should be waterproof, with slope towards the drainage, and adequate to ease cleaning. Walls ‚ Washable and waterproof painting. Ceilings ‚ Avoid accumulation of dirt and condensation to prevent mould and germs. Windows ‚ With protection to avoid the entrance of dust, rain and animals. Doors ‚ With protection to avoid the entrance of dust, rain and animals. Hygiene ‚ Should have toilets and washbasins in the bathrooms, and washbasins for cooking areas. Ventilation ‚ Adequate means for ventilation should be ensured.
Source: SSA [53] .
The requirements are used to list suitable facilities to be used as input in the process displayed in Figure 1 , in order to create a layer to include as part of the cartographic model.
Digitization
The next step is to create layers in the GIS with georeferenced information using the list of facilities. This process is called digitization and it can be performed either on raster or vector software. Vector software was chosen because the metadata of the road network includes information about each street, allowing the user to locate each facility easily and efficiently.
The digitization can be performed by importing the layer of the road network into the software and then creating a new point layer overlapping with the road network. A layer of shelters and another one for distribution centres can be created for analysis.
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Cartographic Model
To perform scenario analysis, a cartographic model was implemented as a macro in IDRISI ® . The parameter used to vary scenarios relies on the expected water height, with the goal of creating flood maps. Flood maps have shown advancements in the literature e.g., [7, 8, [54] [55] [56] . This approach was preferred because of the deterministic nature of the model, considering the potential to create a set of relevant scenarios based on whether predictions, hydrological analysis or historical data, see [57] [58] [59] [60] [61] [62] [63] [64] . The cartographic model was obtained from the work of Martin [21] complemented with map algebra proposed by Rodríguez-Espíndola and Gaytán [22] ; all integrated into a macro in IDRISI ® . The reason for the selection of this particular model over other methods found in the literature was (a) the purpose of this work in seeking to show the potential advantages of incorporating a GIS analysis in the decision-making process; and (b) the ease and accuracy of the results obtained by Rodríguez-Espíndola and Gaytán [22] .
Data Pre-Processing
As shown on Figure 1 , to use the macro developed four layers are required:
‚
The layer of available DCs, obtained from authorities or elaborated by the analyst.
The layer of available shelters, obtained from authorities or elaborated by the analyst.
The DEM of the area under study, obtained from online sources or from authorities.
The demand unit of the region (e.g., neighbourhoods) obtained from authorities.
The last step before using the macro is to determine the reference level. This step has to be performed only once for the region, being used for all experiments and it is associated to the altitude of the area under study. For the macro to be used, the region should be brought to a "base situation" extracting the altitude of the area. Because of the accuracy of images and uncertainty as to the real altitude, the user can perform scenario analysis with the DEM. The value of the altitude can be determined as the point where the area is affected by an increase of one extra unit. If a water body is nearby, the reference would be the point when the water body leaves its natural course, i.e., overflows.
Macro on IDRISI ®
Having all the layers and information ready, the analyst can apply the macro displayed in Figure 2 . The macro was created using the Macro Modeler module on IDRISI ® . The DEM is used as a foundation to create the flood map. The squares in red are modules, whereas the squares in purple are maps.
The altitude of the area is incorporated using an initial module, being the resulting image subtracted from the DEM by using an overlay module and producing the "Base image". The expected height of the flood is included at the bottom initial module and subtracted using another overlay to create the "Situation" layer. To classify areas in flooded and dry, every section with a value under 0 is assigned a class "0" and the rest is deemed as class "1" by using a reclass module. Martin [21] suggested the use of the group module to join adjacent flooded pixels separated by small areas which are probably flooded as well. After the correction described, the reclass module is employed again to obtain the "Flood Image". Having a representation of the potential flood, Rodríguez-Espíndola and Gaytán [22] suggested that map algebra could be used to evaluate the damage caused by the flood and get rid of floodable facilities. Therefore, an overlay module is used to "multiply" the demand areas times the flood image, getting as a result a value of 0 on every zone under water and the ID of the demand unit for the rest. The area module can be employed to obtain the percentage of the initial area of the demand unit as well as the dry area after the flood. The layers of facilities are multiplied times the flood image using overlay modules, and finally the area module is used to obtain a list of facilities on dry sections only.
This procedure can be applied as many times as desired by the decision maker to perform scenario analysis for relevant situations. This procedure can be applied as many times as desired by the decision maker to perform scenario analysis for relevant situations.
Network Analysis
The flood image can be superimposed with the road network to identify roads affected. This research is assuming a single collection point per demand unit for departure from affected areas to shelters, termed centroid. Having all the candidate facilities and demand points, the user can check the existence of roads available between any two points. However, the number of combinations can be monumental; therefore, the Floyd-Warshall algorithm is proposed as a time-saving option.
The Floyd-Warshall algorithm [65, 66] is one of the most widely used and effective algorithms to determine the shortest path between two points [67, 68] . The algorithm is capable of finding the minimum distance between all pairs of nodes in a graph, even considering negative weights.
The algorithm compares the "current" direct distance with the distance obtained by visiting node k in between nodes i and j, and collecting the lowest value for the matrix. This way one matrix is computed for each node, hence, checking connectivity k number of times. This algorithm is 
The algorithm compares the "current" direct distance with the distance obtained by visiting node k in between nodes i and j, and collecting the lowest value for the matrix. This way one matrix is computed for each node, hence, checking connectivity k number of times. This algorithm is capable of finding a suitable route even if there was no value in the initial matrix, by verifying every path available.
A common practice to determine the shortest distance between every pair of nodes is to compute Euclidian distances. Nevertheless, having GIS available, another level of detail can be attained by obtaining both road and Euclidian distances.
The results of the geographical procedure are a list of candidate facilities, a matrix of connectivity between facilities, a distance matrix, and a "percentage of damage" caused by the flood to the demand areas.
Case Studies
For this research, two cases were selected considering major floods in Mexico in different areas, and the description of each case can be found in Table 3 . The flood depth of the situation in 2007 at Villahermosa [69] and the number of people sheltered [70, 71] describe the magnitude of the event. Similarly, the height reached by the water in the disaster at Veracruz in 2010 [72] along with the number of people sheltered [73] [74] [75] is used to provide an overview of the situation. All the information gathered was used to analyse the system designed. The reasons for the selection of the cases in relation to the criteria aforementioned are:
‚
The events are two of the most notable floods lived in the country over the last 15 years, providing extreme conditions for the analysis.
The characteristics among cases vary considerably in terms of damage, duration and number of people affected.
The areas are relevant because of different reasons: the commercial importance of Veracruz [76] and the high level of vulnerability in Villahermosa [77] . 
Veracruz, Mexico
Located at the centre of the State of the same name, Veracruz has an altitude of 10 m above sea level. The city is within the hydrologic region Papaloapan with the basin R. Jamapa y Otros, experiencing an annual range of precipitation between 1100 and 1600 mm [78] .
Figure 3 [79, 80] displays a representation of the terrain occupied by the city overlapped by the road network. The study is focused on the region Veracruz-Boca del Río. Boca del Río is a small section on the far south separated from Veracruz by one road. A total of 657,162 people lived in the region in 2010 [79] . Figure 4 , including all of the streets in the area. The demand areas were based on AGEBs (from the Spanish Basic Geo-Statistical Areas). These units are considered by the Mexican government as an evolution of the neighbourhoods used previously. Each one of the AGEBs contains a database with the number of inhabitants there along with an identifier. The 315 of these units existent in the region under study can be seen in Figure 5 .
The demand areas were based on AGEBs (from the Spanish Basic Geo-Statistical Areas). These units are considered by the Mexican government as an evolution of the neighbourhoods used previously. Each one of the AGEBs contains a database with the number of inhabitants there along with an identifier. The 315 of these units existent in the region under study can be seen in Figure 5 . Because of the importance of the DEM for the cartographic model, three DEMs of the area (two from INEGI [82] and one from USGS [80] ) were acquired. One of the images from INEGI was discarded because it was based on a scale of 1:250,000, considered not accurate enough. The remaining image from INEGI had a scale of 1:50,000 and it was tested against the layer from USGS. In terms of reliability, the image from USGS showed to approximate reality better when comparing the measurements of each point with data from the real area obtained using Google Earth ® . Moreover, the image from USGS showed more sensibility to variations of altitude below 1 m. Therefore, Figure 6 shows the DEM from USGS selected for the analysis. Because of the importance of the DEM for the cartographic model, three DEMs of the area (two from INEGI [82] and one from USGS [80] ) were acquired. One of the images from INEGI was discarded because it was based on a scale of 1:250,000, considered not accurate enough. The remaining image from INEGI had a scale of 1:50,000 and it was tested against the layer from USGS. In terms of reliability, the image from USGS showed to approximate reality better when comparing the measurements of each point with data from the real area obtained using Google Earth ® . Moreover, the image from USGS showed more sensibility to variations of altitude below 1 m. Therefore, Figure 6 shows the DEM from USGS selected for the analysis. The demand areas were based on AGEBs (from the Spanish Basic Geo-Statistical Areas). These units are considered by the Mexican government as an evolution of the neighbourhoods used previously. Each one of the AGEBs contains a database with the number of inhabitants there along with an identifier. The 315 of these units existent in the region under study can be seen in Figure 5 . Because of the importance of the DEM for the cartographic model, three DEMs of the area (two from INEGI [82] and one from USGS [80] ) were acquired. One of the images from INEGI was discarded because it was based on a scale of 1:250,000, considered not accurate enough. The remaining image from INEGI had a scale of 1:50,000 and it was tested against the layer from USGS. In terms of reliability, the image from USGS showed to approximate reality better when comparing the measurements of each point with data from the real area obtained using Google Earth ® . Moreover, the image from USGS showed more sensibility to variations of altitude below 1 m. Therefore, Figure 6 shows the DEM from USGS selected for the analysis. Information about potential shelters available in the region was provided by SEGOB [83] . The shelter catalogue contained 589 facilities within the municipality. Considering schools along with facilities already identified by the agencies in the city, a total of 44 suitable facilities were found. The six facilities already identified by authorities were provided by SSV [84] , SEDENA [74] and PCV [85] . Similarly, facilities identified by authorities to serve by DCs were provided by SEDENA [86] , DICONSA [87] , PCV [88] ; whereas three facilities were identified according to the guidelines of SEDENA [89] , for a total of ten available DCs.
Using the process for digitization, a layer of shelters and another of distribution centres were obtained. An overlap of both layers over the road network can be seen in Figure 7 . Information about potential shelters available in the region was provided by SEGOB [83] . The shelter catalogue contained 589 facilities within the municipality. Considering schools along with facilities already identified by the agencies in the city, a total of 44 suitable facilities were found. The six facilities already identified by authorities were provided by SSV [84] , SEDENA [74] and PCV [85] . Similarly, facilities identified by authorities to serve by DCs were provided by SEDENA [86] , DICONSA [87] , PCV [88] ; whereas three facilities were identified according to the guidelines of SEDENA [89] , for a total of ten available DCs.
Using the process for digitization, a layer of shelters and another of distribution centres were obtained. An overlap of both layers over the road network can be seen in Figure 7 . 
Application of the Cartographic Model
According to official information, the city and regions surrounding it are supposed to be 10 m above sea level [78] . The importance of the baseline, however, drove us to perform a manual analysis ranging from 0 to 10 m to have reliable results. The baseline was determined at 6.5 m. At this height, there is a significant change in the area when adding 0.5 m, as it is supposed to happen when there is a flood. At lower values, the variations were minimal.
The flood in Veracruz is believed to have reached 1.5 m of water level [72] , which was used as a representation of the real conditions. Also, a scenario of a flood of 0.5 m and another situation with a water level reaching 2.5 m were set for comparison. Applying the cartographic model described, the results of the three scenarios are shown in Figure 8 . 
Results of the GIS Procedure Applied to Veracruz
In terms of damage to shelters and DCs, Figure 9 shows the candidate facilities. 
In terms of damage to shelters and DCs, Figure 9 shows the candidate facilities. There were a total of 43 surviving shelters and nine DCs at a depth of 0.5 m; 41 shelters and nine DCs available with a water level of 1.5 m, and 38 shelters and eight DCs remaining for a situation of 2.5 m of water. Overall, the impact of the flood on the facilities was low.
Damage was estimated as follows: = × 100%; being the total dry area before the flood and the final dry area after the flood. The flood of 0.5 m affected a nearly 21.6% of the total area, whereas the flood of 1.5 m and 2.5 m damaged around 25.4% and 32.7% of the region, respectively. Table 4 shows the number of AGEBs affected per level of damage in the scenarios considered, ranging from areas not affected to completely flooded AGEBS. There were a total of 43 surviving shelters and nine DCs at a depth of 0.5 m; 41 shelters and nine DCs available with a water level of 1.5 m, and 38 shelters and eight DCs remaining for a situation of 2.5 m of water. Overall, the impact of the flood on the facilities was low.
Damage was estimated as follows: Damage "
A i´A f A iˆ1 00%; being A i the total dry area before the flood and A f the final dry area after the flood. The flood of 0.5 m affected a nearly 21.6% of the total area, whereas the flood of 1.5 m and 2.5 m damaged around 25.4% and 32.7% of the region, respectively. Table 4 shows the number of AGEBs affected per level of damage in the scenarios considered, ranging from areas not affected to completely flooded AGEBS. Using the flood map, the road network, and the Floyd-Warshall algorithm; the connectivity between facilities was obtained. The tables contain the value of 1 if there is at least one road available between each pair of facilities and 0 otherwise. Air transportation was considered available between all facilities. With a total population of 474,507 people in the last census [79] , Villahermosa is the only Energy City in Latin America [91] . The relevance of the city is because of its significant gas and oil activity, with nearly 90% of natural gas produced in the country within a 200 km radius. The city is an economical axis for the region and a cornerstone of the oil and gas industry in the country. Using the flood map, the road network, and the Floyd-Warshall algorithm; the connectivity between facilities was obtained. The tables contain the value of 1 if there is at least one road available between each pair of facilities and 0 otherwise. Air transportation was considered available between all facilities. With a total population of 474,507 people in the last census [79] , Villahermosa is the only Energy City in Latin America [91] . The relevance of the city is because of its significant gas and oil activity, with nearly 90% of natural gas produced in the country within a 200 km radius. The city is an economical axis for the region and a cornerstone of the oil and gas industry in the country. The geographical location of the city deserves considerable attention. The city is in the hydrological region Grijalva-Usumacinta, inside the delta created by three rivers: Grijalva, Usumacinta and Carrizales. Grijalva is the second most abundant river in the country and, in combination with Usumacinta river, the total unloading produced is around 125,000 million m 3 ; the most significant system in North and Central America and the seventh globally [91] . Also, Villahermosa borders with the water body "Laguna de los Espejos" and it is close to "Las Peñitas" dam system, making the city a very prone area to flooding [92] .
Villahermosa, Tabasco

The region of Villahermosa has been commonly affected by floods with considerable economic damage in 1975, 1990 [69], 1999, 2007 and 2008 [92] , as well as in 2009 [93] .
This case is based on a riverine flood. The cold front number 4 caused extraordinary rainfall of nearly twice the historical average [94] . There was over 400 mm of rainfall in 24 h and nearly 1000 mm over three days [69] .
The rainfall combined with the opening of floodgates of the "Peñitas" dam created a catastrophic situation with nearly 80% of the state covered by water. Water heights of four meters and more than one million people affected were the result of this catastrophic event [69] . Villahermosa was significantly affected, with around 90% of the area covered by water [95] . Also, this flood represented damage estimated in 31,800 million pesos (over 3100 million dollars) in the state of Tabasco alone; around 29.3% of the GDP of the State [94] .
Layers Used for the Case of Villahermosa
The road network used was obtained from INEGI [79] and it is shown on Figure 11 . Figure 12 displays the 147 AGEBs of the city obtained also from INEGI [79] . The geographical location of the city deserves considerable attention. The city is in the hydrological region Grijalva-Usumacinta, inside the delta created by three rivers: Grijalva, Usumacinta and Carrizales. Grijalva is the second most abundant river in the country and, in combination with Usumacinta river, the total unloading produced is around 125,000 million m 3 ; the most significant system in North and Central America and the seventh globally [91] . Also, Villahermosa borders with the water body "Laguna de los Espejos" and it is close to "Las Peñitas" dam system, making the city a very prone area to flooding [92] .
The road network used was obtained from INEGI [79] and it is shown on Figure 11 . Figure 12 displays the 147 AGEBs of the city obtained also from INEGI [79] . After comparison with a DEM provided by INEGI [82] , the layer from USGS [80] showed in Figure 13 was selected for analysis.
The catalogue of emergency facilities of the city contained 107 shelters with a total capacity of 26,380 people [71] , whereas the reported number of people sheltered was around 99,000 people, see [70, 96, 97] . In reality, insufficient capacity from planned shelters caused authorities to improvise using any facility available including particular houses [96] . After comparison with a DEM provided by INEGI [82] , the layer from USGS [80] showed in Figure 13 was selected for analysis.
The catalogue of emergency facilities of the city contained 107 shelters with a total capacity of 26,380 people [71] , whereas the reported number of people sheltered was around 99,000 people, see [70, 96, 97] . In reality, insufficient capacity from planned shelters caused authorities to improvise using any facility available including particular houses [96] . Focusing on the planning component of this project and guidelines from SEDENA [89] , a list of suitable shelters from public facilities in the city was obtained. The list was provided by the research group "Modelación de Sistemas Logísticos y de Transporte" (MOSILTRA) from the Universidad Autónoma del Estado de México. It was created using satellite images with a scale of 1:50,000 of the area, and using TransCAD ® to draw the area of every facility. The list contains georeferenced data of 1778 facilities in the city including name, type of facility, location and area. After erasing duplicated entries and filtering by type of building and capacity, a list of 443 shelters with an aggregated capacity of 164,253 people was used.
Regarding DCs, the list included one available facility from the Social Development Secretariat (SEDESOL) and 13 public buildings provided by MOSILTRA. Capacities were calculated using the area of the facility.
An overlap of the layer of shelters and the layer of DCs over the road network can be seen on Figure 14 , displaying an even distribution across the region. Focusing on the planning component of this project and guidelines from SEDENA [89] , a list of suitable shelters from public facilities in the city was obtained. The list was provided by the research group "Modelación de Sistemas Logísticos y de Transporte" (MOSILTRA) from the Universidad Autónoma del Estado de México. It was created using satellite images with a scale of 1:50,000 of the area, and using TransCAD ® to draw the area of every facility. The list contains georeferenced data of 1778 facilities in the city including name, type of facility, location and area. After erasing duplicated entries and filtering by type of building and capacity, a list of 443 shelters with an aggregated capacity of 164,253 people was used.
An overlap of the layer of shelters and the layer of DCs over the road network can be seen on Figure 14 , displaying an even distribution across the region. 
GIS Procedure for the Case of Villahermosa
Even though the altitude of the city is stated as 10 m above sea level [91] , tests were run ranging from 0 to 20 m to identify the altitude where the DEM resembled the actual area, obtaining the result around 6 m.
The estimated height of water around 4 m [69] was used for the creation of a situation representing the real conditions. The other two scenarios were based on conditions resembling other situations registered in the region, see [93] . The situations selected for Villahermosa were floods of 1, 2 and 4 m.
Applying the cartographic model to the three situations, the images shown in Figure 15 were obtained. 
Applying the cartographic model to the three situations, the images shown in Figure 15 were obtained. Table 5 summarises the damage caused by the floods. Around 68%, 78% and 88% of the AGEBs were affected by the floods of 1 m, 2 m and 4 m, respectively.
Road connectivity between facilities was determined using the flood maps of the three scenarios along with the Floyd-Warshall algorithm. Connectivity for boat transportation was considered as opposite values from road transportation, and air transportation was considered available between all points. Table 5 summarises the damage caused by the floods. Around 68%, 78% and 88% of the AGEBs were affected by the floods of 1 m, 2 m and 4 m, respectively.
Road connectivity between facilities was determined using the flood maps of the three scenarios along with the Floyd-Warshall algorithm. Connectivity for boat transportation was considered as opposite values from road transportation, and air transportation was considered available between all points. 
Validation
The cartographic model was used to include the geographical dimension of the disaster in the analysis. The procedure used for this research comes from the work developed by Martin [21] and extended by Rodríguez-Espíndola and Gaytán [22] . Therefore, the goal is not to propose a new procedure per se, but to show the value of using GIS that can be integrated with optimisation models. In order to show the reliability of the method selected to obtain flood maps, validation of the images derived from the geographical procedure were desired. In this part, each one of the flood maps obtained is analysed considering real conditions to provide a judgement about the outcome of the geographical procedure.
GIS for the Case of Veracruz
Using the webpage of the Earth Observatory from NASA [98] , a MODIS (Moderate Resolution Imaging Spectroradiometer) from aircraft Terra of 18 September was obtained. The image of the flood is contrasted with another one from 17 September 2009 in Figure 17 , to provide some context about the area and to understand better the impact of the flood. 
Validation
The cartographic model was used to include the geographical dimension of the disaster in the analysis. The procedure used for this research comes from the work developed by Martin [21] and extended by Rodríguez-Espíndola and Gaytán [22] . Therefore, the goal is not to propose a new procedure per se, but to show the value of using GIS that can be integrated with optimisation models. In order to show the reliability of the method selected to obtain flood maps, validation of the images derived from the geographical procedure were desired. In this part, each one of the flood maps obtained is analysed considering real conditions to provide a judgement about the outcome of the geographical procedure. Navy blue (dark color) represents the flood in the region, with damage close to the section "Laguna Real". Importing the image into IDRISI ® and enhancing its contrast, Figure 18 shows the comparison of the real flood in the region Veracruz-Boca del Río and the results of the geographical procedure employed in this research. The flooded area is very similar in both shape and extension in the centre and south of the region, although the image obtained in this research showed slightly more damage on the west side of the region than the real photograph. Also, a non-existent 'disconnection' of the "San Juan de Ulua" fortress up on the north was identified.
Geosciences 2016, 6, 18 22 of 34 Navy blue (dark color) represents the flood in the region, with damage close to the section "Laguna Real". Importing the image into IDRISI ® and enhancing its contrast, Figure 18 shows the comparison of the real flood in the region Veracruz-Boca del Río and the results of the geographical procedure employed in this research. The flooded area is very similar in both shape and extension in the centre and south of the region, although the image obtained in this research showed slightly more damage on the west side of the region than the real photograph. Also, a non-existent 'disconnection' of the "San Juan de Ulua" fortress up on the north was identified. Overall, the system provided an image that resembled the actual flood according to the image presented; therefore, the results were deemed appropriate to continue with the analysis.
GIS for the Case of Villahermosa
The flood in Villahermosa covered a large proportion of the city and the State. Flood masks from SEMAR [99] and CENAPRED [100] were used for the analysis. Assuming the areas identified by each one of the authorities were flooded at certain point, facilities located in these regions were assumed to get flooded at some moment and thereby eliminated. Looking at Figure 19 , the results from the cartographic model resembled the combination of both flood masks provided by the government except for an area in the northwest. There are clear false positives and small areas with false negatives, but the area in the centre (the city) seems to comply with the actual event according to SEMAR and CENAPRED. Overall, the system provided an image that resembled the actual flood according to the image presented; therefore, the results were deemed appropriate to continue with the analysis.
The flood in Villahermosa covered a large proportion of the city and the State. Flood masks from SEMAR [99] and CENAPRED [100] were used for the analysis. Assuming the areas identified by each one of the authorities were flooded at certain point, facilities located in these regions were assumed to get flooded at some moment and thereby eliminated. Looking at Figure 19 , the results from the cartographic model resembled the combination of both flood masks provided by the government except for an area in the northwest. There are clear false positives and small areas with false negatives, but the area in the centre (the city) seems to comply with the actual event according to SEMAR and CENAPRED. Figure 19 . Overlap of the images from authorities with the GIS result for Villahermosa. Source: Compiled by author with information from SEMAR [99] , CENAPRED [100] and USGS [80] .
Authorities developed a representation of the flood created based on a digital elevation model from Hernández, et al. [101] . This representation is compared in Figure 20 with the result from the procedure used. Both images exhibit a very similar shape except for the false positive already discussed in a region of the west, and another in the northeast ("Medellin y Pigua 3a Sección").
There are very few false negatives that are not affecting any of the facilities identified in this study. However, constant false positives presented in the northwest of the city along with the partial flooding of the neighbourhood in the northeast evidence some limitations of the procedure to be addressed in future work. The false positives affected a total of 27 facilities according to the flood masks from authorities. Bearing in mind the purpose of the cartographic model, it can be argued that the overall resemblance of the image produced in this research with the flood masks provided by authorities suggest that the GIS procedure produced an acceptable representation of the flood. Figure 19 . Overlap of the images from authorities with the GIS result for Villahermosa. Source: Compiled by author with information from SEMAR [99] , CENAPRED [100] and USGS [80] .
Authorities developed a representation of the flood created based on a digital elevation model from Hernández et al. [101] . This representation is compared in Figure 20 with the result from the procedure used. Both images exhibit a very similar shape except for the false positive already discussed in a region of the west, and another in the northeast ("Medellin y Pigua 3a Sección").
There are very few false negatives that are not affecting any of the facilities identified in this study. However, constant false positives presented in the northwest of the city along with the partial flooding of the neighbourhood in the northeast evidence some limitations of the procedure to be addressed in future work. The false positives affected a total of 27 facilities according to the flood masks from authorities. Bearing in mind the purpose of the cartographic model, it can be argued that the overall resemblance of the image produced in this research with the flood masks provided by authorities suggest that the GIS procedure produced an acceptable representation of the flood. Compiled by author with information from SEMAR [99] , CENAPRED [100] and USGS [80] .
There are very few false negatives that are not affecting any of the facilities identified in this study. However, constant false positives presented in the northwest of the city along with the partial flooding of the neighbourhood in the northeast evidence some limitations of the procedure to be addressed in future work. The false positives affected a total of 27 facilities according to the flood masks from authorities. Bearing in mind the purpose of the cartographic model, it can be argued that the overall resemblance of the image produced in this research with the flood masks provided by authorities suggest that the GIS procedure produced an acceptable representation of the flood. 
Discussion and Summary of the Results from the Geographical Procedure
The maps created showed a tendency to overestimate the actual flood. That is related to the underpinning assumption using altitude as a static baseline for the analysis and disregarding more dynamic factors such as runoff. Having false positives can be a challenge for the user, although the very sporadic appearance of false negatives is a good indication. The procedure eliminated facilities that were not flooded; however, there were no surviving facilities that were in reality in floodable areas. In that sense, the process successfully ruled out potentially endangered facilities.
In the maps obtained, the geographical procedure identified the source of the flood and the evolution of it. The maps contained the main areas flooded in each one of the cities. Moreover, the outline of the flooded estimations seems to be consistent with the actual mask of the flood.
It is important to highlight how challenging validation was for the cases at hand. Flood maps from authorities were contradicted by satellite images and pictures from the event for the first case, whereas no images of the critical day of the flood for the case of Villahermosa were found. Fortunately, the flood masks provided by authorities in the last case seemed more realistic, although considerable differences were identified even among them. Therefore, more emphasis ought to be placed on the development of flood masks and satellite pictures to support future work in the area.
Comparison to the Real Circumstances
GIS for disaster management has a lot of potential because of the inherent benefits of incorporating the physical dimension of the disaster. Nonetheless, to date, most articles in humanitarian logistics incorporating GIS are focusing on network analysis and data display. Cova [18] provided examples of GIS capabilities to provide support in decision-making, but the absence of studies on humanitarian logistics involving GIS motivated this work.
The goal of this paper is to investigate analytically the way the use of GIS to analyse the flood situation could affect decision-making for facility locations. The results of the cases presented in the previous section were introduced and solved for the model developed by Rodríguez-Espíndola, Albores and Brewster [40] , and then contrasted with the same model running without the input from the GIS. The information required by the model broadly includes costs, personnel available, vehicles available, relief items available, capacity of facilities, and number of sheltered people per demand area. 
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Comparison to the Real Circumstances
The goal of this paper is to investigate analytically the way the use of GIS to analyse the flood situation could affect decision-making for facility locations. The results of the cases presented in the previous section were introduced and solved for the model developed by Rodríguez-Espíndola, Albores and Brewster [40] , and then contrasted with the same model running without the input from the GIS. The information required by the model broadly includes costs, personnel available, vehicles available, relief items available, capacity of facilities, and number of sheltered people per demand area. The above information should be provided per organisation, including all of the organisations involved in the logistical deployment after the flood. Databases can be created combining the information enumerated with the results provided by the GIS procedure, to solve the optimisation model.
For the case of Veracruz, a total of 62 requests were filed to a total of seven agencies involved in disaster management in the area, whereas 121 requests were made to 10 national governmental bodies also involved in the flood. A total of nine operational agencies were identified as primary actors in the field. The agencies included were: DICONSA, National System of Family Development (DIF), Social Security Mexican Institute (IMSS), Civil protection (PC), National Health Ministry (SMEXICO), State Health Ministry of Veracruz (SVERACRUZ), the Military (SEDENA), Ministry of Interior (SEGOB) and the Navy (SEMAR).
For the flood in Villahermosa, 128 freedom of information (FOI) requests were sent to nine National authorities and 134 requests were filed to eight regional authorities. Among the 17 agencies enquired, 13 agencies were included for the case. These were Municipality, DICONSA, DIF, IMSS, Social Security Institute of the State of Tabasco (ISSET), PC, SMEXICO, State Health Ministry of Tabasco (STABASCO), Transport and Communications Secretariat (SCT), SEDENA, SEGOB, SEMAR and the Safety and Security Secretariat (SSP).
All of the instances presented here were solved using GAMS ® with Cplex ® as a solver on a desktop with an Intel i7 processor and 16 GB of RAM.
Veracruz
The optimisation model was applied to the region of Veracruz-Boca del Río for 50 iterations. All of the available facilities were introduced assuming perfect connectivity between them. The ε-constraint method and weighted-sum method were applied to solve the bi-objective optimisation model. Because of the complexity of disaster management, the purpose of the model is not only to minimise cost, but also to maximise the level of service provided to disaster victims. The combination of two performance measures being optimised simultaneously provides several solutions, from which the decision-maker has to select the preferred one.
The difference between the solutions in terms of the performance measures obtained can be seen in Figure 21 . Each one of the points showed is called a non-dominated solution, which for this case means that there is no other combination in the feasible space that is better on both cost and level of service. Every one of the points shown in the graph represents a policy including the list of facilities to use, as well as the decisions related to stock prepositioning and relief distribution. For the purposes of this research, only the result of the performance measures (cost and level of service) is shown, to demonstrate the way the results of the GIS can affect the metrics of the logistical activities performed by authorities.
The result shows no significant difference in the Pareto frontier obtained from the system designed compared to the stand-alone application of the model. Looking at the numbers, only one solution showed an improvement around 1% in fill rate, whereas for the rest the change was considerably smaller or non-existent. The result shows no significant difference in the Pareto frontier obtained from the system designed compared to the stand-alone application of the model. Looking at the numbers, only one solution showed an improvement around 1% in fill rate, whereas for the rest the change was considerably smaller or non-existent. Table 6 shows the number of endangered facilities included in each one of the solutions obtained disregarding the use of the GIS. A little over 58% of the solutions are not including potentially flooded shelters whilst over 83% are not considering endangered DCs; which means that overall only 54.17% of the solutions obtained did not considered potentially affected facilities. Table 6 shows the number of endangered facilities included in each one of the solutions obtained disregarding the use of the GIS. A little over 58% of the solutions are not including potentially flooded shelters whilst over 83% are not considering endangered DCs; which means that overall only 54.17% of the solutions obtained did not considered potentially affected facilities. The difference between the flood map obtained in this research and the actual flood did not affect any facilities. The conclusion is that neglecting the GIS would generate insignificant improvements in terms of cost and service. However, the probability of wrongfully opening a facility when disregarding the GIS, particularly shelters, is something that should be considered.
Villahermosa
In Figure 22 , the variation from the model considering the GIS results and the model disregarding such results is noticeable. Particularly between 30% and 50% of fill rate, the results without GIS have considerable improvements in terms of both cost and fill rate. The solution delivered by the system can be improved by up to 8.44% of fill rate if the results of the GIS are not considered. Table 7 exhibits the number of potentially endangered facilities included in each one of the solutions. With 100% of the solutions selecting potentially undesirable shelters and 52% choosing endangered DCs, all of the solutions obtained in the model disregarding the GIS results used at least one floodable facility. More importantly, the number of people potentially in danger of being allocated in a flooded facility is on average 30% of total demand. Table 7 exhibits the number of potentially endangered facilities included in each one of the solutions. With 100% of the solutions selecting potentially undesirable shelters and 52% choosing endangered DCs, all of the solutions obtained in the model disregarding the GIS results used at least one floodable facility. More importantly, the number of people potentially in danger of being allocated in a flooded facility is on average 30% of total demand.
A very large number of people could be affected in case the results from the geographical procedure would be disregarded considering only the potential improvements. The maximum improvement obtained by disregarding the GIS is 8.44% of fill rate, with around 8358 potentially benefited people. Nonetheless, the 104 facilities in risky areas would endanger 33,713 people.
Commenting in terms of the false positives outside of the city, out of the 160 shelters discarded by the flood using the image from SEMAR [99] , a total of 27 shelters were wrongfully ruled out. For effects of the conclusion, as the 27 shelters have a joint capacity of 13,135 people, in the case that all of these shelters are selected and are operating at full capacity; still the improvements would not reach the number of people at risk. 
Summary and Discussion
As could be expected, the increase in the flood magnitude also leads to a change in the impact the GIS can have on the result. For the "small case" selected, Veracruz showed a significant number of solutions incorporating facilities at risk with insignificant improvements.
The situation in Villahermosa provides the best example of the value of the GIS. There were improvements by up to 8.44% of fill rate, but with nearly a third of people at risk. Moreover, the operation can become notably more costly if the expenditure of opening floodable facilities is combined with the cost of relocating people and activating different facilities (if available). In fact, in Villahermosa there were reports of flooded facilities and people relocated in 2007 [102, 103] .
The use of a tool such as the GIS procedure applied in this research can provide better information for decision-making. Even though the flood maps showed an overestimation of the flood in the case of Villahermosa, the results in this section stand because of the risk that can be potentially avoided by the application of the procedure.
According to the results, in disasters with a low number of facilities affected, the improvements gained by disregarding the physical conditions of the event are minimal compared to their inclusion, and, at the same time, higher risk is incurred. On the other hand, a test on a large-scale disaster is showing that, even if mistakes in the prediction are accounted for, the risk of using a solution without considering the physical dimension of the event is considerably larger than the potential benefits.
Conclusions
Despite the ongoing recent developments in the use of GIS for disaster management, e.g., [104] [105] [106] , the common trend in humanitarian logistics is to employ these systems for data visualisation and network analysis rather than emergency analysis [107] . Considering the potential of these tools to support other activities [18] , it is important to investigate the value of embedding GIS in an optimisation-based disaster management system to draw conclusions based on empirical results. This type of test has not been undertaken before in the literature, and it can deliver interesting insights about the incorporation of GIS for future analytical tools for flood management.
An experiment for two cases under real circumstances was set-up to address this question. The instances considered scenarios with and without the use of GIS. The purpose was to identify potential benefits and drawbacks generated by the use of these kinds of systems.
For the case of Veracruz, potential improvements in the performance measures when not using GIS were minimal whilst several solutions included floodable facilities potentially affecting hundreds of people. The case of Villahermosa showed significant advantages of disregarding the system. Nonetheless, the number of people endangered was on average nearly a third of the total number of victims. Therefore, the potential benefits of dismissing the system were outweighed by the risk implied by doing so. Moreover, putting people in a floodable facility duplicates cost (opening two different facilities for the same people), requires relocation, creates delays in relief aid delivery (as the status of people is unknown until they are settled), and carries the possibility of having to improvise facilities or leaving people without protection.
Overall, GIS can reduce risk for disaster victims, potentially making a significant positive difference in disaster management. According to the results obtained, the risk of disregarding the GIS can go far beyond the expected benefits.
Even though there is an increase in the use of GIS for humanitarian logistics in recent years, the percentage of papers employing these systems for analysing the situation is still relatively small. The empirical results from this research can serve to support the argument that incorporating GIS systems in decision-making for disaster management is very important, reducing considerably the risk of wrongfully selecting facilities located in floodable areas.
Similar to the results of this paper, there are relevant efforts in the literature showing other capabilities of GIS not only to analyse the flood but to incorporate real-time information in decision making. It is our belief that the development and exploitation of these capabilities constitute very fruitful streams of research for future systems.
